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Coupled heat and silica transport associated with dike intrusion into sedimentary rock:
Effects on isotherm location and permeability evolution
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Abstract—An 11-meter-wide alkalic monchiquite dike recovered from the subsurface of Louisiana has
produced a metasomatic aureole in the adjacent interbedded carbonate mudstones and siltstones. The
asymmetric contact aureole, which extends nearly 6 m above and 4 m below the intrusion, contains the
metamorphic minerals, diopside, pectolite, fluor-apophyllite, fluorite, and garnet. A series of coupled heat and
mass transport calculations was undertaken to provide thermal constraints for the aureole, in the absence of
robust geothermometric assemblages, and insights into accompanying mass transport associated with the
sedimentary rock–dike system.

Calculations were completed for systems with homogeneous, anisotropic, and layered permeability,�.
Transport, dissolution, and precipitation of silica were also incorporated into calculations. All systems
modeled indicate that the thermal pulse waned in�3 yr with a return to background temperatures in�10 yr.
Heat and fluid transport produce maximum temperature isotherms that are distinctly different in spatial extent
and lateral variability for each numerical system. The homogeneous� case produced isotherms that pinch and
swell vertically above the dike and have large lateral variations, in contrast to the anisotropic� case that
produced a single large plume above the dike. The layered system� case produced the most spatially extensive
thermal aureole, unlike that recorded in the rocks.

Addition of dissolved silica to the flow system significantly impacts the calculated transport of heat and
fluid, primarily due to density changes that affect upwelling dynamics. Although precipitation and dissolution
of SiO2 can affect flow through the feedback to permeability,� changes were found to be minor for these
system conditions. Where� decreased, flow was refocused into higher� zones, thus mitigating the�
differences over time. This negative feedback tends to defocus flow and provides a mechanism for lateral
migration of plumes. Coupled heat and silica transport produces a complex isotherm geometry surrounding the
intrusion due to formation of upwelling and downwelling plumes and lateral translation of plumes, leading to
variability in the isotherm pattern that does not reflect the inherent heterogeneity of the initial material
properties. Initial heterogeneities in� are not a prerequisite for the development of a complicated flow and
transport pattern. In addition, if isotherms reflect isograds, these calculations demonstrate that isograds may
not form uniform structures with isograd boundaries characterized by their distance from the heat
source. Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION

The intrusion of igneous rocks into organic-rich sedimentary
rocks has been implicated in the maturation of oil and gas in
regions where simple burial in a sedimentary basin is insuffi-
cient to attain temperatures required for thermal maturation of
the attendant organic material (120–160°C; e.g., Sassen and
Moore, 1988; Blatt, 1992; Glikson et al., 2000). In concert with
the transfer of heat associated with the cooling intrusion, chem-
ically distinct fluids may infiltrate the host rocks to produce a
metasomatic aureole proximal to the intrusive body (Raymond
and Murchison, 1988). One example of this phenomenon is in
the large Monroe Gas Field (MGF) located in the Monroe
Uplift, northeastern Louisiana (Fig. 1). The MGF lies in the
window of “oil condensates” and is north of the presumed zone
for hydrocarbon thermal maturity (Echols et al., 1994). On the
basis of isotopically heavy�13C of methane (�43.3‰ PDB,
Peedee Belemnite; Zimmerman and Sassen, 1993), isotopically
light (�27.5‰ PDB)�13C of carbon dioxide (ibid, Sassen and

Moore, 1988), and the location of the field, organic maturation
is consistent with associated igneous activity.

Evidence of igneous rocks in the subsurface is identifiable from
gravity studies (Lyons, 1957) or from direct observation in con-
ventional drill cores extracted from the subsurface. The MGF
coincides with the Monroe uplift, a major structural feature in the
northern Gulf Coast (Fig. 1). Like the Jackson Dome, Mississippi,
and the Sabine Uplift which borders Texas and Louisiana, the
Monroe Uplift is associated with igneous activity as indicated by
the presence of igneous rocks extracted from numerous deep wells
(Kidwell, 1949, 1951; Moody, 1949). Most intrusions encountered
are Mesozoic in age, alkalic in composition, and classified roughly
as lamprophyres (Kidwell, 1951; Byerly, 1991).

One such dike is present in a drill core extracted from the
Monroe Uplift, subsurface Louisiana (Fig. 2). To ascertain the
magnitude of the thermal and chemical influence of this dike on
the surrounding hydrocarbon-rich sediments and the likelihood
of such intrusions providing the heat for thermal maturation, a
series of heat and mass transport calculations was completed
for this geologic system as constrained by previous petrologic,
mineral chemical, geochemical, and analytical studies (Heydari
et al., 1997; Christensen, 1997; Dutrow et al., 1997).
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2. GEOLOGIC SETTING AND BACKGROUND

The drill core is from the Carter #1 Hope-Fee Well, northeast
Louisiana (Fig. 1). The core includes an 11-m-wide dike pen-
etrating a section of thinly bedded laminated carbonate mud-
stones and organic-rich siltstones of the upper Jurassic Smack-
over Formation, a hydrocarbon-rich source rock, at a depth of
2.1 km (Fig. 2; Heydari et al., 1997).

2.1. Dike Description

The dike is a porphyritic lamprophyric intrusion similar in
mineralogy and major element chemistry to other Late Creta-
ceous igneous rocks of the region (Byerly, 1991; Heydari et al.,
1997). The characteristic phenocrysts are predominantly com-
plexly zoned titanaugites with lesser amounts of titanite, apa-
tite, biotite, titanomagnetite, and partially resorbed amphiboles.
The phenocrysts are set in a groundmass primarily comprised
of analcime. At the lower margin of the dike, the groundmass
is a uniform pale brown devitrified glass. Major and trace
element compositions are generally similar in the dike interior
and margin (based on the three samples analyzed; Heydari et
al., 1997). The dike is nepheline normative and, based on the
chemistry and mineralogy, is classified as a monchiquite (ibid.).

Geologic reconstructions of the region suggest that the dike
was intruded at approximately the same depth as it currently
occurs, 2.1 km, and constrain the age of the igneous activity to
be late Cretaceous to earliest Paleocene (Heydari et al., 1997).
The low pressure of crystallization mandated by the 2.1 km
intrusion depth implies that the analcime in the dike is probably
secondary. Primary igneous analcime (� melt) is considered to
be stable only at higher pressures, 5–13 kbar, at about 600°C
(Roux and Hamilton, 1976).

2.2. Host Rock Description

The Smackover sediments unaffected by the intrusion range
in composition from pure calcitic mudstones with minor or-
ganic material to organic-rich siltstones. Although modal
amounts of the minerals vary considerably, the dominant min-
eral assemblage in these sediments is fine-grained calcite �
detrital quartz � framboidal pyrite � organic material. Minor
amounts of dolomite, anhydrite, and clay minerals have also
been observed locally (Heydari et al., 1997). However, dolo-
mite has not been observed in the aureole rocks. Trace detrital
grains include muscovite, tourmaline, rutile, plagioclase, zir-
con, apatite, titanite, and ilmenite (Dutrow et al., 1997).

Fig. 1. Location of the drill core extracted from the Carter #1 Hope-Fee Well in the Monroe Gas Field, LA, with
associated structural features of the region.
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2.3. Contact Aureole

The metamorphic aureole, defined in part by C and O iso-
topic alteration, extends into the host sediments to �6 m above
and �4 m below the dike (Heydari et al., 1997). The calcite in
sedimentary rocks distant from the dike has a �18O of �4‰
PDB, which decreases irregularly to �15‰ PDB, at the intru-
sive contact (all values are �0.2‰ precision). The �13C of the
calcite in the unaltered host rocks is near �4‰ PDB and
decreases to �7‰ PDB proximal to the dike. In addition, the
total organic content of the background sedimentary rocks
averages roughly 0.7% but decreases systematically to 0.1%
near the contact. Heydari et al. (1997) note that this style of

covariation of �18O and �13C in a contact aureole is consistent
with thermal effects and fluid infiltration associated with an
intrusion. Based on the calcite �18O adjacent to the dike,
Heydari et al. (1997) estimate that the contact aureole attained
temperatures in the range 340–440°C, and that temperature
influences reflected in isotopic variations progressively de-
crease to background levels.

Adjacent to the dike, clear mineralogical changes occur in
the sediments that reflect development of a contact metamor-
phic aureole. The new metamorphic/metasomatic minerals in-
clude diopside, K-feldspar, albite, pectolite, fluor-apophyllite,
grossular garnet, fluorite, and pyrrhotite (Christensen, 1997;
Dutrow et al., 1997; Table 1). Most of these minerals are

Fig. 2. Stratigraphic section of the drill core interval containing the dike under study (after Heydari et al., 1997).
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enriched in alkali and alkaline earth elements as well as fluorine
relative to the initial sedimentary mineral assemblage. Equally
as notable is the progressive disappearance of quartz in meta-
sediments as the dike contact is approached. In the heteroge-
neous thinly bedded protoliths most mineralogical changes
occur in siltstone-rich areas, but recrystallization is also ob-
servable in the carbonate mudstones.

As the intrusion is approached, textural and mineralogical
changes take place in the fine-grained metasedimentary rocks.
(1) Veins of recrystallized calcite are the first notable meta-
morphic feature developed at roughly 4 m above and 2.4 m
below the dike. (2) At roughly 2.5 m above and 1.8 m below the
dike, trace amounts of near end-member diopside,
(Ca0.98Na0.01)(Mg0.97Fe0.05)(Al0.03Si1.97)O6, form as anhedral
grains near calcite and quartz, likely as a consequence of the
dolomite component in calcite reacting with quartz to form
diopside via the reaction:

Dolomite �Calcitess� � 2SiO2 � Diopside � 2CO2.

At these distances fine-grained albite (Ab�99) is rimmed by
K-feldspar (Or96) in the siltstone layers. The coarser organic
material has been converted to graphite. These mineral rela-
tions persist up to the intrusive contact.

(3) Near end-member pectolite, NaCa2Si3O8(OH), appears
at 1.5 m above and 0.6 m below the intrusion, and locally
constitutes a major mineral constituent (�50%) up to the
contact. Pectolite commonly pseudomorphs detrital quartz
grains, but also develops as �1-mm pods with rims of coarser
calcite and fluorite cubes. It is commonly intergrown with
euhedral recrystallized pyrite cubes and associated with poiki-
loblastic fluor-apophyllite, KCa4[Si8O20](F.7OH.3) � 8H2O.
The reactions that likely account for the development of these
minerals are:

4Calcite � 6SiO2 � 2Na� � 2H2O

� 2Pectolite � 4CO2 � 2H�

4Calcite � 8SiO2 � 8H2O � K� � HF

� Apophyllite � 4CO2 � H�

Calcite � 2HF � Fluorite � CO2 � H2O

(4) Small (�100 �m), euhedral anisotropic Ca-rich garnet
crystals develop in a single unit 0.3 m above the contact and are
associated with fluor-apophyllite, pectolite, and pyrrhotite.
Core compositions are near end-member grossular,
(Ca2.97Mg0.02)( Al1.80Fe0.14

3� Ti0.05) (Si2.97Fe0.05
3� )O12 with

rims that are enriched in F, (Ca2.97Mg0.21)( Al1.56Fe0.24
3� Ti0.05)

(Si2.84Fe0.05
3� (F/4)0.07(OH/4)0.05)O11.84.

(5) At the contact with the dike, calcite-rich layers contain
end-member analcime (NaAlSi2O6 � H2O), fluorite, and zoned
sodalite. Sodalite cores are near end-member composition
(Na8Al6Si6O24Cl2) but rims have up to 0.27 Ca substituting
for Na (Dutrow et al., 1997).

The composition of these minerals and the probable mineral-
forming reactions necessitate that metasomatic alteration was
an important process that accompained the thermal overprint of
the sedimentary rocks near the dike. The early formation of
sodic minerals, e.g., albite, pectolite, and analcime, in a Na-
poor environment implies that Na was introduced initially from
the fluid. The crystallization of poikiloblastic fluor-apophyllite
and K-feldspar rims on albite implies a later influx of fluids
with increasing ��� and probably decreasing �H� (e.g., Bowers
et al., 1984). In addition, the occurrence of fluorite, fluorite
cores to veins, fluor-apophyllite, and F-bearing rims on the
garnets suggests the participation of a late F-enriched fluid. The
likely pectolite- and apophyllite-forming reactions not only
require the addition of alkali ions in solution, but also the
consumption of SiO2 from preexisting quartz or from silica
introduced by the fluid phase. These observations suggest that
advective transport of chemical components accompanied the
transport of heat during emplacement and cooling of the dike.

Phase equilibria calculations using the pressure of emplace-
ment for the dike, the compositions of the minerals in the
aureole, and the database of Berman (1988, 1991) can place
some constraints on the temperature and fluid composition in
the aureole. The presence of graphitized organic material and
Fe3� in the garnet suggests conditions more oxidizing than
QFM but lower than NNO. Therefore, the dominant C-bearing
fluid species at these P-T conditions was CO2 rather than CH4

but the fluid was nearly pure H2O (Ohmoto and Kerrick, 1977;
Spear, 1993, p. 652). The presence of the assemblage diopside
� calcite � quartz rather than tremolite in the aureole man-
dates a temperature of at least 350°C, but probably no more
than 400°C for a H2O-rich fluid [X(H2O) � 0.95]. These
conditions were attained as far as 2.5 m from the dike margin
(diopside zone; Christensen, 1997). The presence of calcite �
quartz and the absence of wollastonite indicates that the max-
imum temperature at the contact was no more than 480°C for a
H2O-rich fluid. The presence of grossular garnet 0.3 m from the
dike implies a temperature in excess of 420°C at that point. The
F-bearing grossular formed at temperatures between 200° and
420°C near the Skaergaard intrusion (Manning and Bird, 1990)
is consistent with these temperatures. Although dolomite is not
present, the Mg content of calcite (Anovitz and Essene, 1987)
can be used to provide a minimum temperature of 320°C for
metacarbonates at 2.5 m above the dike.

The thermal conditions nearest the dike are also generally
consistent with the calcite �18O temperature estimates in the
range 340–440°C (Heydari et al., 1997). To provide additional
insights into the local thermal history and advective mass
transport in the sedimentary rock–dike system, computational
experiments of coupled heat and mass transport were under-
taken.

3. METHODS

Thermal history of the dike and host sediments was reconstructed
(modeled) with a 3D integrated finite difference computer code,
MOR3D (see Appendix and Travis et al., 1991 for details). MOR3D

Table 1. Formula for metamorphic minerals observed in
the contact aureole.

Calcite CaCO3

Diopside CaMgSi2O6

K-feldspar KAlSi3O8

Pectolite NaCa2Si3O8(OH)
Fluorite CaF2

Apophyllite KCa4Si8O20F � 8H2O
Grossular Ca3(Al, Fe3�)2Si3O11.85(F, OH)0.15

Analcime NaAlSi2O6 � H2O
Sodalite Na8Al6Si6O24Cl2
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solves a simultaneous set of partial differential equations that describe
time-dependent flow through saturated porous media by advection,
diffusion, and dispersion. Equations are solved for the conservation of
fluid mass, fluid momentum, energy, and species (see Appendix for
equations). A full equation-of-state for fluid properties is used for
H2O-rich fluids (Johnson and Norton, 1991). To analyze this system,
equations are also incorporated which account for the effects of cooling
intrusions by including terms for latent heat of crystallization and for a
transient permeability structure of the intrusion. As the intrusion cools
and solidifies, it is allowed to fracture and the effective permeability of
the dike increases. Transport of SiO2 was also included in the calcu-
lations and changes to permeability, �, resulting from silica dissolution
and precipitation/reaction were incorporated to provide a dynamically
changing permeability field (see Appendix, Eqns. A6–A8.). SiO2 ap-
pears to have been mobile in the system because quartz was absent in
siltstones adjacent to the dike. In addition, transport of components
clearly took place and SiO2 was used as a proxy for element mobility.

3.1. System Conditions

Because thermal effects on the host rock are localized near the dike
margin, calculations were focused on a small area 40 m in height and
30 m in width (Fig. 3). Details of heat and mass transport adjacent to

the dike were estimated using a high-resolution finite difference grid.
Most experiments are based on a 2D simplified domain. To capture the
detailed lithological variations revealed by the core, a computational
mesh with 30 � 76 (x, z) small, unequal, grid cells surrounding the dike
was used. Resolution in z varied from 0.1–1 m. Evenly spaced cells
were used for 3D calculations (50 � 50 � 50; x, y, z). Initial conditions
for all numerical systems are: a fluid-saturated porous medium; a static
fluid; and permeability, porosity, and silica concentrations uniform
within stratigraphic units (Fig. 3). Geologic units overlying the dike are
less permeable burrowed mudstones and below the dike, lime mud-
stones (Heydari et al., 1997). Therefore, boundary conditions for all
models were an impermeable top and bottom and sides that are insu-
lating with no fluid flow across the boundary (Fig. 3). The top boundary
pressure (P), 660 bars, is lithostatic, but pore fluid pressure within the
domain is hydrostatic. The initial temperature at the top boundary of the
domain is 46.6°C and assumed to vary along a geothermal gradient of
25°C/km (Table 2).

Initial conditions for silica concentrations are based on measured
values of silica for the dike rock (by X-ray fluorescence [XRF],
Heydari et al., 1997), for Smackover fluids (Moldovanyi and Walter,
1992), and for sediments (based on petrographic analyses, Heydari et
al., 1997). Modal amounts of quartz limit the total mass of silica
available in the system for dissolution. Silica contents of the fluid in the

Fig. 3. Initial and boundary conditions for the 2D computational study. Shading differentiates the units used for the
layered permeability calculations. Siltstone-rich layers (SS) are in light gray, the carbonate mudstone layers (CO3) are in
white. The darker rectangular area represents the dike. Definitions given in Table 2.
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dike were assumed to be at equilibrium for the initial pressure and
temperature conditions. Equilibrium silica solubility was used, with
dissolution and precipitation calculated from quartz solubility (data
from SUPCRT92, Johnson et al., 1992; Walther and Helgeson, 1977).
While kinetic factors are clearly important in many systems (e.g.,
Canals and Meunier, 1995; Bolton et al., 1999), general features and
effects of the thermal and flow field emerge from calculations for a
system in equilibrium and have been used successfully to explore
convection in sedimentary basins (e.g., Ludvigsen et al., 1992).

The permeability structure exerts a dominant influence on the flow
field, which in turn, impacts energy and mass transport (Norton, 1979).
Permeability distributions used include isotropic, homogeneous, and
heterogeneous � structures for the host rocks (Table 2). Heterogeneities
in permeability are represented with either a layered permeability
structure or anisotropic permeability, or both. For systems preserving
the broad-scale stratigraphy, different permeability and porosity values
were assigned to the layers of carbonate mudstones (CO3), �x, �z 	
3.2 � 10�14m2, � 	 0.1, and siltstones, �x, �z 	 1.9 � 10�12m2,
� 	 0.25 (Table 2), in accordance with measured values for the
Smackover formation (Clarke, 1966; Garven et al., 1993; Nunn, 1998,
personal communication). Anisotropic permeability for a uniform sys-
tem captured the compacted nature of the sediments, which suggests
that flow will occur preferentially parallel to bedding and be inhibited
perpendicular to preferred orientation of mineral grains. Consequently,
�x was set to an order of magnitude larger than �z. For comparison,
homogeneous, isotropic permeability, which approximates the very fine
scale interbedded sediments and which substantially decreases compu-
tational time, was also tested as an end-member case (Table 2).

Calculations commence when an 11-m dike (sill) is instantaneously
intruded into the sediments. Although the initial melt temperature is
uncertain, based on the undersaturated, alkalic nature of the dike, the
initial intrusion temperature, Tint, is set at 700°C (Carmichael et al.,
1974; Wendlandt, 1997, personal communication). Higher initial Tint

produce higher temperatures in the aureole and larger aureoles (see
Dutrow et al., 1997 for calculations with Tint 	 875°C). The melt is
assumed to be impermeable initially (Table 2). At 100°C below solid-
ification temperature, Tsolid, it is assumed to fracture (Norton and
Knight, 1977), and permeability increases to �frt (Table 2). These
increases occur gradually over time as the intrusion cools to the fracture
temperature, with the outer portion of the dike fracturing first followed
by the central portion. This permits limited fluid flow through the dike
after cooling, in keeping with the late-stage fractures noted at the dike
margin. Because the dike had a chilled, glassy margin and because the
latent heat for the glass transition is much lower than the latent heat of
crystallization (ca. 1%; Navrotsky, 1981), the latent heat term was
assumed to be minor and set to zero in all calculations. (For a discus-
sion of the effects of latent heat on the surrounding isograds, see
Dutrow et al., 1997). Calculations continued until the average temper-
ature of the system was within 15% of the T prior to dike emplacement.

3.2. Cases

Calculations were completed varying parameters that primarily con-
trol the spatial extent of the aureole and the maximum temperatures
attained in the thermal aureole. Most calculations were completed for
a two-dimensional system; however, selected 3D calculations were
done to provide a better interpretation of the 2D models.

At selected times, the evolution of the thermal, SiO2 fluid concen-
tration, velocity, and pressure fields were examined. Fluid flux is
tracked throughout the calculation to provide a time-integrated volu-
metric flux as a function of position. Calculations record the time and
value of maximum temperature, Tmax, at all locations in the system to
provide a map of peak temperatures attained within the aureole. If
kinetics were sufficiently rapid, peak temperatures should be recorded
in the mineral assemblages and, thus, Tmax allows for comparison of
field data with calculations. Computed results are then compared with
the basemap developed from mineral, chemical, and petrologic studies
in order to constrain the thermal and metasomatic history related to
dike intrusion.

4. RESULTS

For all cases, calculations demonstrate that the thermal pulse
was short-lived. Within about 10 yr elevated temperatures
decline to near background conditions. In addition, an asym-
metric contact aureole developed in host rocks; the size and
extent determined by the heat and fluid transport, which is
largely controlled by the permeability field. For the systems
modeled, differing permeability structures result in distinctly
different thermal signatures in the host sediments overlying the
dike whereas similar signatures occur beneath the dike. Results
of three series of calculations differentiated by the permeability
values, isotropic homogeneous, anisotropic homogeneous, and
layered (isotropic within layers), are described with respect to
the evolution of the thermal and fluid flow fields, silica trans-
port and attendant permeability changes from SiO2 dissolution
and precipitation/reaction, and maximum temperatures attained
in the contact aureole.

4.1. Isotropic, Homogeneous Permeability

After instantaneous intrusion of the dike into the cooler
country rocks, a buoyant plume develops off the top end of the
dike and rises vertically (Fig. 4a,b). Additional plumes form
inboard of the dike’ s lateral extent in response to the formation

Table 2. Input parameters and definitions for calculations.

Parameter
Homogeneous

�
Anisotropic

�
Layered

�

Horizontal permeability, �x,y (m2) host 1.9 � 10�12 1.9 � 10�12 3.2 � 10�14 (CO3)
1.9 � 10�12 (SS)

Vertical permeability, �z (m2) host 1.9 � 10�12 1.9 � 10�13 3.2 � 10�14 (CO3)
1.9 � 10�12 (SS)

Melt permeability, �melt (m2) 1.9 � 10�18 1.9 � 10�18 1.9 � 10�18

Fracture permeability, �frt (m2) 1.9 � 10�16 1.9 � 10�16 1.9 � 10�16

Dike porosity, �dike 0.01 0.01 0.01
Host rock porosity, �hr 0.25 0.25 0.1 (CO3)

0.25 (SS)
Intrusion temperature, Tint (°C) 700 700 700
Temperature solidus, Tsolid (°C) 650 650 650
Fracture temperature, Tfrt (°C) 550 550 550
Thermal diffusivity of saturated porous media (m2 s�1) 1 � 10�6 1 � 10�6 1 � 10�6

CO3 	 carbonate mudstones; SS 	 siltstones.
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Fig. 4. Evolution of the thermal field for the homogeneous �, 2D system as a function of time. (a) 0.05 yr, (b) 0.08 yr,
(c) 0.1 yr, (d) 0.14 yr, (e) 0.4 yr, (f) 0.8 yr. Gray box outlines the dike.

Fig. 5. (a–f) Transport of silica in the fluid for homogeneous � as a function of time (t given in Fig. 4) with velocity
vectors that indicate the direction and magnitude of instantaneous flow. Gray box outlines the location of the dike.



of an unstable boundary layer of hot fluid above the horizontal
dike surface. With continued thermal evolution, a maximum of
four distinct plumes develop above the dike in the half space

shown (Fig. 4c,d, a total of eight would develop for this
system). The number of plumes that develop is dictated by the
size of the system and the roughness of the dike–sediment

Fig. 6. Time-integrated permeability change (initial-final) resulting from complex feedback of silica transport and
reaction for calculations with: (a) homogeneous � distribution, (b) anisotropic � distribution, and (c) layered � distribution.
The location of the dike is shown in gray. The coarseness of the color contours is due to the abrupt change in color, in
contrast to a smoothly varying color scheme. White 	 no change and separates areas of dissolution from precipitation. Note
the color break at the end of the scale to indicate values out of range.

Fig. 7. The maximum temperature Tmax attained throughout the system, which is independent of time, contoured at 50°C
intervals. (a) For the homogeneous � system, note the distinct upwelling recorded in Tmax and the laterally variable thermal
field; (b) the anisotropic � system, which produces one large upwelling which thins on either side; (c) the layered � system,
which results in a more laterally uniform aureole and (d) homogeneous � system without SiO2. Dike is shown by the gray box.
Lines on left mark mineral zones.
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interface, and scales positively with size. The narrow upwell-
ings, separated laterally by adjacent downwellings, are re-
stricted to areas above, and adjacent to, the dike. With contin-
ued dissipation of thermal energy, upwellings migrate laterally,
coalesce, and become more diffuse as the thermal driving force
subsides (Fig. 4e,f). Two upwellings remain centered over the
pluton after the initial thermal pulse has passed (e.g., dT/dt 

0; Fig. 4e). The plume proximal to the lateral extent of the dike
continues its vertical ascent, but is driven primarily by fluid that
escapes from the horizontal layer below the intrusion, around
the less permeable dike (Fig. 4e). Below the intrusion, the dike
cools primarily by horizontal advective heat transfer with dif-
fusion to produce a narrow zone of elevated temperatures. By
1 yr, the maximum thermal pulse has passed, the system has
cooled substantially; the average dike temperature has dropped
to 1/e of the initial average temperature and vigorous circula-
tion has ceased (Fig. 4f). After 10 yr, the elevated temperatures
have dropped and the system has returned to T values within
15% of initial background conditions.

In concert with the heat transport, the highest instantaneous
fluid fluxes and fluid velocities (shown by velocity vectors) are
recorded within the thermal plumes (Fig. 5a–f). Dike fracture is
complete by �0.4 yr, but the fracture permeability is lower
than surrounding host sediments such that only minor fluid flow
occurs within the intrusion. Time-integrated fluid flux reaches
a maximum value, 520mfluid

3 /mrock
2 , along the lateral extent of

the dike in this short-lived system. Because the most rapid
heating occurs within the pulses of upwelling fluid during
initial plume formation, maximum heating rates migrate to
coincide with each new unstable pulse of upwelling fluid.
Heating rates remain high for only a short time, i.e., months, so
that reaction overstepping is rapid and migrates in concert with
the thermal plumes.

Mass transport of silica by diffusion, advection, dispersion,
and reaction, is computed in the system as a function of time.
Because silica concentration in the SiO2 � H2O system reaches
a maximum for this P near 380°C, concentrations in the fluid
increase as the fluid warms. After reaching the maximum, silica
then precipitates or reacts with continued heating. However, for
this system temperatures in the host rocks typically remain
below the concentration maxima except very near to the dike.
Therefore, precipitation due to higher temperatures would not
be expected.

For the isotropic, homogeneous � system, silica is redistrib-
uted in the host rocks (Fig. 5a–f). Instantaneous silica concen-
trations in the fluid are higher in the focused upwellings of
warm aqueous fluids due to increased solubility (Fig. 5a–f). In
contrast, cool downwelling fluids contain lower concentrations
of silica, leading to the development of silica plumes that
mirror the upwelling and downwelling thermal plumes (cf.
Figs. 4, 5). Silica movement becomes more diffuse and declines
as fluid fluxes decrease with cooling (Fig. 5f). This results in
broad zones of silica enrichment (relative to initial conditions)
in the warmer upwelling zones and beneath the dike. The most
significant increase in silica occurs at the lateral extension of
the dike where the maximum fluxes of heat and fluid occur.
Within the dike, the highest silica concentration tracks the
temperature of the maximum silica solubility (and concentra-
tion) and migrates to the dike core with time (red zone, Fig.
5a–f). This temperature is below the fracture temperature,

therefore the higher silica concentrations occur after dike frac-
ture. Concomitantly, silica concentrations increase slightly in
the contact aureole, as it is advected from the upper margin of
the dike.

After 10 yr, the time-integrated average of these temporally
and spatially varying conditions results in permeability changes
to the host rocks as silica transport and local reaction cause
quartz to be dissolved, precipitated, or reacted (Fig. 6a). A
complex interplay of temporally and spatially variable condi-
tions defines the ultimate permeability distribution. The differ-
ence between the final and initial permeability (excluding the
change in dike fracture permeability) throughout the system is
relatively small; �logK is within 0.005 in the aureole (Fig. 6a).
For these initial conditions, permeability increases occur adja-
cent to the dike, above and below the intrusion, and along the
dike’ s lateral extent, where warm fluids are focused. As the
convection cells develop, quartz is dissolved in upwelling
plumes, resulting in slight permeability increases in two broad
fingers above the dike. As the silica-richer fluids cool, quartz is
precipitated as it descends in the cooler, downward fingers of
focused flow, or reacted, and a decrease in � results (Fig. 6a).
Precipitation also decreases permeability in a broad zone at the
top of the domain and at the lower basal extent of the dike,
where warmer fluids encounter cooler fluids. Decreasing �
would tend to refocus flow into the higher permeability zones,
thus mitigating the permeability differences over time. This
negative feedback will tend to defocus the flow over time and
provides a mechanism which encourages the upwelling plumes
to migrate laterally. Maximum differences in porosity due to
dissolution are on the order of a few percent. Within the dike,
permeability changes are primarily due to fracture. However,
redistribution of silica also occurs in model calculations. Areas
at the upper margin of the dike decrease in silica contents, thus
increasing permeability, whereas at the lower margin of the
dike, silica is precipitated or reacted and permeability is slighly
decreased. Minor change is observed in � at the lateral extent
of the dike.

Maximum temperature attained at any time throughout the
aureole created by this flow regime produces the isotherms
shown in Figure 7a. Isotherms in the thermal aureole mirror the
circulation cells and record the highly focused flow pattern as
they pinch and swell above the dike. If kinetics are sufficiently
rapid to mineralogically and isotopically respond to the thermal
impact (i.e., isotherms � isograds), this thermal field would
result in alteration zones of variable thickness above the intru-
sion. A very thin zone of elevated temperature is recorded
laterally at the end of the dike due to the strongly focused fluid
upwelling of the thermal boundary layer at the lateral edge of
the intrusion. Beneath the intrusion, the contact aureole is much
thinner and roughly constant in thickness. This type of finger-
ing may, in part, explain the very small aureole with respect to
the heat source, if the core is drilled through a narrow zone of
elevated temperature (Fig. 7a). This system also produces large
lateral heterogeneities in the thermal structure, despite the
initial homogeneous permeability field.

Three-dimensional calculations for this system demonstrate
that the upwelling plumes begin as rolls (narrow plumes in 2D)
on the margins of the dike, and progress inward with time (Fig.
8a,b). These rolls become progressively unstable and separate
into 3D fingers of warmer temperatures (Fig. 8c,d). Continued
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evolution produces additional plumes with large vertical extent
in the aureole (Fig. 8e,f). As in 2D calculations, these rolls are
restricted to areas above the dike, separate into fingers, con-
tinue their upward movement, migrate laterally, and coalesce
with time.

4.2. Anisotropic Permeability

In many regions, compaction of sediments results in pre-
ferred orientation of mineral grains reducing the ability of
fluids to flow vertically. Decreasing the vertical permeability an
order of magnitude below the horizontal permeability creates a
barrier to vertical flow and introduces heterogeneities into the
system. These heterogeneities result in a distinctly different
style of heat and mass transfer in the host rocks.

Relative to the homogeneous, isotropic system, intrusion of
the dike causes temperatures to increase in the host rocks more
uniformly. As the fluid above the intrusion warms on the
boundary layer, a single plume begins to rise above the end of
the dike (Fig. 9a,b). With time, this single focused plume
extends vertically and migrates inward as a wave of heated
fluids, creating two distinct circulation cells above the dike
(Figs. 9c–f, 10). Beneath the dike, fluids flow horizontally. No
thermal boundary layer appears at the lateral extent of the dike,
a function of the lower �z. Heating rates are maximized on the

inward edge of the plume and follow its lateral migration. The
lower vertical permeability stifles vertical flow and a single
plume (for this half space) remains. This temperature evolution
is driven by advection of hot fluids. Mass fluxes are initially
greatest proximal to the lower and upper edges (Fig. 10a,b). As
the system evolves, high fluid fluxes migrate laterally inward,
driving the plume of elevated temperatures above the dike
toward the dike’ s center (Fig. 10c–f). Fluxes remain elevated
above the dike but dissipate below the dike. Silica is swept
from the upper and outer intrusion boundary and elevated silica
in the fluid coincides with the migrating thermal plume (Fig.
10a–d). Asymmetry develops in silica fluid concentrations. The
left side of the thermal plume has rising warm temperatures
with increased silica concentrations. On the right side of the
plume, an influx of cooler fluids at the top of the dike contains
lower silica concentrations. With time, the silica-rich plume
diffuses and becomes more vertical (Fig. 10e,f). The maximum
time-integrated fluid flux for these conditions is nearly
475mfluid

3 /mrock
2 and occurs directly over the dike at the lateral

extent.
For this flow regime, time-integrated changes in silica reac-

tion produce broad regions of permeability change that occur
asymmetically around the dike. Precipitation results in lower
permeability at the upper and lower corners of the dike and in

Fig. 8. Evolution of the thermal field for the homogeneous �, 3D calculations as a function of time. Blue isosurface is
for 155°C with colors indicating T values within the dike. (a) 0.05 yr, (b) 0.08 yr, (c) 0.1 yr, (d) 0.14 yr, (e) 0.15 yr, and
(f) 0.24 yr.
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Fig. 9. Evolution of the thermal field for the anisotropic � system as a function of time. (a) 0.1 yr, (b) 0.3 yr, (c) 0.4 yr,
(d) 0.5 yr, (e) 0.7 yr, and (f) 1.0 yr. Gray box outlines the location of the dike.

Fig. 10. (a–f) Transport of silica in the fluid for anisotropic � as a function of time (given in Fig. 9) with velocity vectors that
indicate the direction and magnitude of instantaneous flow. Gray box outlines the location of the dike.



Fig. 11. Evolution of the thermal field for a layered � distribution as a function of time. (a) 0.2 yr, (b) 0.4 yr, (c) 0.5 yr,
(d) 1.0 yr. Gray box outlines the location of the dike.

Fig. 12. (a–d) Transport of silica in the fluid for layered � distribution as a function of time (given in Fig. 11) with
velocity vectors that indicate the direction and magnitude of instantaneous flow. Gray box outlines the location of the dike.

3760 B. L. Dutrow et al.



a broad area centered over the dike (Fig. 6b). Within the dike,
dissolution occurs and � increases at the upper corner within a
central zone. In contrast, quartz is precipitated or silica reacted
within the lower corner of the dike.

The maximum temperature isotherms created by the aniso-
tropic flow system are relatively smooth, varying from thin to
thick to thinner, with a large region of elevated temperature
centered above the dike due to the migration of the single
plume (Fig. 7b). Below the dike isotherms are restricted, have
a small vertical extent, and are uniform in thickness. Isotherms
are compressed near the upper top of the dike where the
circulation cells bring in cool fluids. A comparatively larger,
asymmetric aureole develops around the intrusion, above, be-
low, and laterally (cf. Fig. 7a–c).

4.3. Layered Permeability, Isotropic within Layer

Layered permeability also restricts vertical movement of
heat and mass, and concentrates flow and transport within the
more permeable units. Consequently, fluid fluxes, silica trans-
port, and permeability changes are highest in these layers. The
dike intrudes a more permeable zone dominated by siltstone
and capped by the less permeable carbonate mudstone layers
(Fig. 3). Heat is transferred from the dike more uniformly into
the surrounding sediments, creating a broad diffuse zone of
elevated temperatures above and below the dike (Fig. 11), in
contrast to the focused upwelling zones observed in previous
models (Figs. 4, 9). Heat transport initiates flow in the more
permeable siltstone layer and a single, small plume develops
and extends laterally off the upper corner of the dike immedi-
ately after intrusion (Figs. 11a,b, 12a,b). As fluids beneath the
dike warm, flow begins and fluids move around the imperme-
able intrusion to escape upward where they drive the weak
circulation cell at the lateral extent of the dike (Figs. 11c, 12c).
Fluid flow also occurs in the overlying permeable zone, initially
above the dike’ s lateral contact. The limited vertical extent of
this zone allows only a small convection cell to develop (Figs.
11, 12). Flow continues in the permeable regions until the
thermal driving force subsides at �5 yr; mass flux decreases
and a diffusive regime returns. The maximum time-integrated
fluxes are smaller than those of previous calculations,
280mfluid

3 /mrock
2 , and a greater amount of heat is transported by

conduction. The highest flux occurs in the circulation cell off
the end of the dike and around the bottom corner of the dike.

Silica transport is minor and occurs from the dike into the
surrounding sediments in a broad diffuse aureole (Fig. 12a–d).
Fluid flow is minor through the less permeable caprock. In the
host rocks, silica is dissolved and � increases below the dike
where heated fluids flow around the dike and upward along the
lateral extent. Minor dissolution occurs in the siltstones above
the dike (Fig. 12a). Silica precipitation or reaction occurs in a
small zone at the lower base of the dike and in the permeable
units where the circulation cell develops. Precipitation occurs
primarily away from the dike where circulation causes a cool-
ing of fluids. To a lesser extent, � decreases in the permeable
layer above the dike. Precipitation or reaction occurs in the
initially high permeability zones due to their more porous
nature (Fig. 3) which promotes fluid flow, cooling, and precip-
itation or reaction of silica. Permeability changes are largest
adjacent to the dike, both above and below, where the fluids on

the boundary are heated. Within the dike, precipitation occurs
at the base and in a large region at the top of the dike (Fig. 7c).

Calculations for a layered permeability system result in the
production of a broad thermal aureole surrounding the dike
(Fig. 7c). High temperatures vary smoothly around the dike and
have a larger horizontal extent at the dike’ s end (cf. Fig. 7a–b).

5. DISCUSSION AND CONCLUSIONS

Calculations of heat transport from the dike into the sur-
rounding country rock suggest that host rocks remained at
elevated temperatures for only a short time and that the meta-
morphic pulse was short-lived. Within �10 yr, the excess
thermal energy from dike emplacement dissipated and the
system returned to near background conditions. Nucleation and
growth of new minerals and isotopic exchange must have
progressed over this relatively short time interval when reaction
forces were of sufficient magnitude for transformations to
occur.

Metamorphism was driven by advection of energy and by
fluids that were out-of-equilibrium with the local environment.
Advective transport of chemical components from the dike into
the surrounding sediments probably created large chemical
affinities that acted in concert with the thermal energy transport
to drive mineralogical alteration of the original siltstones and
mudstones. Advection also supplied nutrients for growth of the
metamorphic minerals that record, in part, metasomatic con-
stituents derived from the dike such as alkalis, alkaline earths,
and fluorine. The exact amount of reaction overstepping due to
infiltration of compositionally distinct fluids is difficult to ac-
cess [e.g. Reaction Affinity Ar 	 RT ln (Kr/Qr); Norton, 1987;
Helgeson, 1987], in part because of the paucity of thermody-
namic data for pectolite and apophyllite. However, due to the
difference between initial and final mineral assemblages, chem-
ical overstepping must have been substantial.

Addition of dissolved constituents (e.g., using silica) to the
flow system alters fluid density and permeability and, conse-
quently, impacts the transport of heat and fluid. For a homo-
geneous, isotropic permeability system without SiO2 transport,
a total of eight plumes develop for this half space, double the
number of those formed in the identical system with SiO2

transport. Higher temperatures and Tmax contours extend to
larger vertical distances above and below the dike (Fig. 7d, cf.
7a). This indicates that silica dampens the vigorous plume
formation and vertical heat transport. Although the effective
permeability change and subsequent feedback is minor due to
SiO2 dissolution, precipation, or reaction, SiO2 transport does
significantly influence the resulting shape of the isotherms and
the temperatures attained in the host rocks, primarily through
fluid density changes that affect convection dynamics. In this
case, convection is driven by chemical as well as thermal
buoyancy.

These calculations demonstrate that large lateral heterogene-
ities in the thermal field were likely to have occurred in the
contact aureole, even for homogeneous, isotropic systems. Ini-
tial heterogeneities in permeability are not a prerequisite for the
development of a complicated flow and transport pattern (Fig.
8; cf. Gerdes et al., 1995; Marchildon and Dipple, 1998). As
such, isotherms may not form uniform structures with bound-
aries characterized by exponentially increasing distance from
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the heat source, as has been demonstrated for convective sys-
tems (Parmentier and Schedl, 1981). A complex isotherm ge-
ometry is due to formation of upwelling and downwelling
plumes, lateral translation of plumes, and SiO2 dissolution/
precipitation/reaction control on fluid flux. This leads to heter-
ogeneity and variability in the isotherm signature that does not
necessarily reflect the inherent heterogeneity of initial material
properties. In fact, the calculation with the homogeneous per-
meability field has the most heterogeneous Tmax and isotherm
pattern. For example, comparison of temperature-time series
for two positions at the same vertical distance above the intru-
sion, representative of the pectolite zone, but horizontally sep-
arated (one centered over the intrusion, 10 m from the dike’ s
end, another point 5 m from the end) produces differences in
Tmax of 43°C for homogeneous �, 56°C for anisotropic �, and
18°C for the layered � system (Table 3; Figs. 7, 13) demon-
strating the lateral heterogeneities of the thermal field in Tmax.
The magnitude of this variation is more pronounced near the
end of the dike. Large-scale layered heterogeneities in the
permeability structure tend to dampen small-scale variations
such that over time a more laterally uniform thermal aureole
results, in contrast to stochastic � structures which tend toward
channeling to accentuate differences (Gerdes et al. 1995; Mar-
childon and Dipple, 1998; Aharonov and Spiegelman, 1997).

As a consequence of processes interacting with each other
and the feedback inherent in the system, each of these calcu-
lations results in a spatially distinct contact aureole in Tmax

surrounding the dike. In all cases the contact aureole is asym-
metric above and below the dike, similar to the rock record.
The most spatially extensive aureole is developed above the
dike for the layered system (Fig. 7c). The anisotropic � system
develops the widest aureole above the dike, but the aureole
thins on either side; the thinning most pronounced near the end
of the dike. For this case, if a vertical core were taken near the
end of the dike, host rocks would record temperatures that
warm, cool, then warm again. The homogeneous case results in
very thin zones centered over the dike but which pinch and
swell laterally; the 200°C zone has the smallest spatial extent.
If kinetics are sufficiently rapid such that chemical alteration
records peak temperatures attained in the thermal aureole, the
aureole will preserve these complex high-temperature flow
patterns. If not, these mineralogical zones represent advective
isograds and reaction fronts, only generally related to isotherms
(Marchildon and Dipple, 1998; Dutrow et al., 1999).

The data that motivated this work are from a single bore
hole, so extensive interpretation of the 3D structure in the
Blackened Smackover is difficult. However, we can place
bounds on calculations and constrain the scenarios that were
likely operative. Maximum temperatures can be compared for
the different calculations at points representative of the pecto-
lite, diopside, and recrystallized calcite zones (Table 3). With
the exception of the homogeneous � case, temperatures were
highest at positions centered over the intrusion. However, max-
imum temperatures attained in the various calculations varied
by nearly 150°C (Table 3). For the pectolite zone, Tmax 	
250°C, 359°C, or 307°C for the homogeneous, anisotropic, and
layered systems, respectively. The time at which Tmax was
reached also varied; 0.06, 0.36, 0.53 yr, respectively, but in all
cases high T was a transient feature that was attained very early
in the thermal history (Fig. 13). Rocks were heated for less than
1 yr. For the diopside zone, Tmax 	 148°C, 332°C, or 332°C,
for respective calculations and was attained at 0.51, 0.43, and
0.41 yr, respectively (Table 3). Depending on distance from the
intrusive contact and the � structure, the amount of time that the
rocks remained at elevated temperatures (�200°C) also varies
as shown by the temperature–time series at the pectolite zone
for the three computational systems. Note the lateral heteroge-
neities in the temperatures recorded at the same vertical dis-
tance from the dike. Heating and cooling rates are distinctly
different for each system (Fig. 13). For the homogeneous �
system, a sharp thermal spike is recorded at both horizontal
locations above the intrusion (Fig. 13). Temperatures fall below
200°C in less than 0.25 yr. The centered circulation cell devel-
oped in the anisotropic � system causes temperatures to remain
elevated for longer periods, �2 yr, whereas T dropped quickly
at the end of the intrusion where cool fluids downwell. The
layered � system produces T that remained elevated for the
longest time period, �2.5 yr at the center, �2 yr at the end, also
suggesting that cooling histories were distinctly different.

If Tmax isotherms are representative of mineralogic zones
(i.e, isograds), the contact aureoles resulting from the anisotro-
pic � and the homogeneous � calculations correspond more
closely to the observed aureole and to the isograd widths
recorded in the rocks and compare favorably with other P,T
estimates. Previous calculations which include latent heat terms
and higher intrusion temperatures produce aureoles approxi-
mately double in width, and are unlike zones recorded in the
cores (Dutrow et al., 1997). Using an initial intrusion temper-
ature of 875°C produces temperatures of 441, 389, 282°C for

Table 3. Maximum temperatures (°C) attained in the contact aureole with time of Tmax in ( ).

Case:

Mineral zone

Homogeneous � Anisotropic � Layered �

center end center end center end

Recrystallized calcite 166 (0.48) 202 (0.27) 307 (0.48) 240 (0.26) 307 (0.48) 240 (0.26)
Diopside 148 (0.51) 211 (0.28) 332 (0.43) 263 (0.19) 332 (0.41) 263 (0.15)
Pectolite (above) 207 (0.06) 250 (0.05) 359 (0.36) 303 (0.13) 307 (0.53) 289 (0.32)
Garnet 322 (0.06) 330 (0.05) 385 (0.36) 360 (0.13) 388 (0.53) 359 (0.32)
Dike
Pectolite (below) 311 (0.15) 288 (0.10) 318 (0.19) 303 (0.15) 319 (0.18) 303 (0.15)
Diopside 224 (0.26) 194 (0.27) 245 (0.34) 226 (0.34) 246 (0.34) 226 (0.34)
Recrystallized calcite 163 (0.68) 147 (0.85) 189 (0.51) 175 (0.56) 204 (0.68) 192 (0.71)
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the pct, diop, cal zones (the difference in temperatures at the
contact is about half of the difference between initial and
intrusion temperatures).

These restricted zones of elevated temperatures also indicate
that the thermal influence of the dike is of limited spatial extent.
The window of gas production is between about 150–300°C
(Blatt, 1992). Examining Figure 7 suggests that temperatures
reached these conditions in a relatively small area. Therefore,
gas generation from an intrusion of this size would be areally
limited as would the convection cell generated by the intrusion.
Either multiple dikes of the size described here or larger igne-
ous intrusions at depth would be required to produce the heat
necessary to generate the gas contained in this area.

The heating rate and rapid movement of the thermal pulse
suggest that significant chemical alteration occurred in less than
3 yr, in response to infiltration of chemically out-of-equilibrium
fluids that resulted in large chemical affinities. Transport of
silica, alkalis, and F from the dike into the surrounding sedi-
ments may explain the observed mineralogical changes in the
host rock and the dike. The model calculations also suggest that
silica was redistributed from the upper portion of the dike and

transported into the surrounding sediments. Redistribution of
silica from the top margin of the dike into the surrounding
sediments could, in part, supply the silica necessary for forma-
tion of the apophyllite and pectolite. This may also explain the
lack of a chilled top dike margin (all calculations suggest
dissolution) in contrast to the preservation of a chilled margin
at the lower contact (where calculations show precipitation/
reaction). Quartz is absent in the matrix near the dike. Although
the dike is silica undersaturated, advection can overcome local
diffusional forces to transport silica into the host rocks. Results
of these calculations provide constraints on temperatures at-
tained in the host rocks in the absence of precise geothermo-
metric assemblages and demonstrate the limited extent of the
thermal zone for gas generation. They also demonstrate that
complicated flow patterns are generated in systems with iso-
tropic permeability structures and by feedback within the sys-
tem.
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APPENDIX

Background

Various studies have considered the modeling of hydrothermal cir-
culation in porous/fractured media, as far back as Lapwood (1948) and
Elder (1967). Voluminous literature exists on this topic. Perhaps the
most relevant body of literature for our study pertains to circulation
near magmatic intrusions beginning with Norton (1977), Fehn and
Cathles (1979), Norton and Taylor (1979), and Fehn et al. (1983).
Rosenberg and Spera (1990) examined the role of layering and anisot-
ropy in hydrothermal systems. Travis et al. (1991) presented the first
full 3-D simulations of a mid-ocean ridge system, and simulated both
the background, off-axis convection and the dynamic hydrothermal
system evolution in response to a magmatic intrusion. Additional
literature exists for modeling circulation in mid-ocean ridge environ-
ments (Lowell, 1991). Cherkaoui and Wilcock (1997) considered con-
vective cooling of a dike, Wilcock (1998) related cellular convection to
black smoker temperatures. Rabinowicz et al. (1998) discussed 2D and
3D modeling of hydrothermal convection in the sedimented Middle
Valley segment of the Juan de Fuca ridge. Numerical hydrothermal
convection in contact metamorphic aureoles has been investigated by,
for example, Hanson (1995), Cook et al. (1997), Dutrow et al.
(2000a,b).

Several studies considered chemical reaction in hydrothermal sys-
tems beginning with the work of Helgeson (1968) (see also Helgeson,
1992). More recently, for systems with silica, Wood and Hewett (1982)
evaluated 1D porosity reduction by quartz in a thermal gradient, Wells
and Ghiorso (1991) used a 1D steady-state model to determine �, and
� changes along a flow path as a function of silica precipitation and
dissolution, and Manning (1997) used a 1D analytical solution for
coupled flow and SiO2 reaction in the mantle wedge with respect to the
stable mineral assemblage in the MgO-SiO2-H2O system (see also
papers in Lichtner et al., 1996). Lowell et al. (1993) used analytical
models for isolated and parallel fractures to evaluate fracture closure
from SiO2 precipitation in upflow zones based on constant values of
concentration change as a function of T and P. Aharonov and
Spiegelman (1997) used first-order linear kinetics for SiO2, constant
fluid density, and a linear gradient in SiO2 solubility to understand
precipitation and dissolution driven by flux and pressure in a system
without advective heat transport. Bolton et al. (1999) coupled flow,
driven by temperature differences in boundaries, and SiO2 reaction
based on kinetics, in an isotropic � system with linear fluid properties
to determine regions of dissolution and precipitation around spherical
grains. Fontaine et al. (2001) considered permeability changes due to
hydrothermal circulation at mid-ocean ridges. The preceding discussion
is by no means comprehensive on the topic of hydrothermal convection
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in porous media. Instead, it is intended to demonstrate that this is an
area of active research yet having a long history.

Equations

Equations governing the flow of fluids in porous media follow.
Conservation of fluid mass is described by the anelastic form:

� � �	f v�� � 0 (A1)

where pf is fluid density and v� is Darcy fluid velocity, which neglects
fast changes in density (sound waves) and which assumes no mass
sources or sinks, but does allow for density variations in space 	f(x, P,
T).

Fluid momentum transport is expressed by Darcy’ s law, which is
valid when inertial effects are negligible, at sufficiently slow fluid flow
rates (i.e., valid for Reynolds number 
 1; Bear, 1972).

v� � �
�

�
��P � 	fgẑ� (A2)

The intrinsic permeability tensor, �, can vary spatially and temporally.
Dynamic viscosity, � in (Pa s), is a function of T and P, and g is the
gravitational constant, 9.8ms�2 (Table 2).

The conservation of energy equation assumes that the fluid and
matrix are in local thermal equilibrium. The equation follows the form
used in Travis et al. (1991);

�

�t � �1 � ��	scpsT � �	f If � �1 � ��	s�


�
Qc

� �
T�t1�

T�t2�

e�
�T�Tsolid�2
dT� � � � �v�	fEf� � � � �Ke�T� (A3)

where subscript s, is for properties of the solid, subscript f, is for
properties of the fluid, and cp is heat capacity of the porous media
(Jkg�1°C�1). The first term on the left-hand side above represents
change in energy content of the rock, where � is flow porosity. Total
porosity is the sum of isolated porosity, which does not contribute to
the flow, and the flow porosity; �iso � �flow 	 �total. For these
calculations, isolated porosity is assumed to be negligible such that
�total 	 �flow. The second term in Eqn. A3 represents fluid energy; the
third term is latent heat release, where Qc is the latent heat of crystal-
lization (J kg�1), which is released in a continuous manner around the
crystallization temperature, Tsolid; the fourth term is advection of fluid
enthalpy; and the right-hand side term is diffusion of thermal energy.
The narrowness of the temperature interval around Tsolid during which
crystallization occurs is controlled by 
. Large values of 
 correspond
to narrow intervals of crystallization in T. The internal energy, If, and
the enthalpy, Ef functions (of P,T) are from Johnson and Norton (1991).

The thermal conductivity, Ke represents a phase-volume-weighted
sum of the thermal conductivities of each phase (i.e., fluid and rock):

Ke � �Kf � �1 � �� Ks (A4)

For small values of �, Ke is approximately equal to Ks. Silica transport
is controlled by

�

�t
��	fCf� � � � v�	fCf �

1

Leo
� � � D

Do
�	fCf� � kr�	f�Cf � Csol.lim�

(A5)

where the transport mechanisms include advection, diffusion, and
precipitation/dissolution. Cf is the concentration in the fluid. Leo is the
Lewis number (thermal diffusivity/chemical diffusivity at reference
conditions). The solute diffusivity, D, is a function of temperature (after
Oelkers and Helgeson, 1988). Dissolution and precipitation of SiO2 is
determined from the temperature- and pressure-dependent surfaces for
solubility, Csol.lim, of quartz (SUPCRT92; Johnson et al., 1992; Helge-
son et al, 1978). kr is the reaction rate.

Permeability is assumed to exist through a fracture network, with the
parallel plate flow model (Snow, 1965) applying locally in each frac-

ture. However, rather than explicitly modeling flow through individual
fractures we used the widely adopted convention (Carrera et al, 1990;
U.S. National Committee for Rock Mechanics, 1996) of computing an
equivalent permeability. The equivalent permeability is a combination
of the porous media and fracture permeability, using a porous medium,
Darcy-law approach. This assumes that the same fracture number
density applies within each computational cell. Also, all fractures
within a computational cell are of the same aperture, and the fracture
number density in a cell does not change over time. The initial values
of effective permeability and flow porosity in a cell determine the
number density and aperture of fractures in that unit. In our calcula-
tions, the initial effective permeability is constant within a geologic unit
but may change between units. Fracture aperture evolves over time due
to precipitation and dissolution. The fracture number density, along
with cell size, determine the number of fractures in each computational
cell. The relationships between flow porosity, effective permeability,
number of fractures, and fracture aperture can be derived from the
definition of flow porosity as fracture volume divided by total cell
volume:

� � Nw� Axy

� Axy�z�� � N*
w

�z
(A6)

where w is fracture aperture. N is the number of fractures in a compu-
tational cell of width �z, Axy is the fracture face area, and �z is the
length of the cell in the direction perpendicular to the fracture face; and
from the definition of mass flux through a computational cell side:

qx � � �w2

12
* w�y * N� �P

��x
� � �w3

12
* N *

�y

Ayz
� *

�P

��x
* Ayz

� � �w3

12
*

N

�z� �P

��x
* Ayz � � �w2

�

12� *
�P

��x
* Ayz (A7)

In Eqn. A7, the fluid flux, qx, in direction x (the argument is identical
for the other coordinate directions) is written in the numerically con-
venient finite difference form in which velocity is multiplied by the
total cell side area, Ayz, perpendicular to the direction of flow rather
than the actual open area. After substituting from Eqn. A6, the effective
permeability is shown to have the form

�e �
w2�

12
(A8)

From Eqn. A8, the initial w can be found if � and � are known
(Snow, 1965). N is then obtained from Eqn. A6. Subsequently, as SiO2

dissolves or precipitates or reacts, fracture width changes. The change
in solid-phase SiO2 due to dissolution, precipitation, or reaction is
assumed to occur uniformly on the fracture faces in a computational
cell. It follows from Eqn. A6 that the ratio of new to old porosity is
equal to the new to old fracture width ratio, while Eqns. A8 and A6
together show that the ratio of new to old permeability values is equal
to the cube of the ratio of new to old fracture widths, in keeping with
the cubic flow law assumption.

The rate of change of fracture aperture due to precipitation/dissolu-
tion is computed from

dw

dt
� kr�Csol.lim � Cf�

	f ��


	SiO2 Axy
� kr�Csol.lim � Cf�

N	fw

	SiO2

(A9)

where kr is the reaction rate and Csol.lim is the temperature- and
pressure-dependent solubility limit.

Numerical solution of the mathematical model proceeds as follows.
The spatial domain is discretized into a set of nonoverlapping compu-
tational cells that exactly cover the domain. In each computational cell,
initial values of pressure, temperature, density, and concentrations are
specified. The solution is advanced in time through a series of discrete
time steps; each time step size is determined from the velocity com-
ponent magnitudes and the size of the diffusion/dispersion terms. The
dependent variables are updated at each time step through an iterative
process. First, Eqn. A2 is substituted into Eqn. A1, providing an
equation that is solved for pressure at the next time value, using
previous time step values for densities and temperatures. Fluid velocity
components are then computed for each cell, using the new pressure
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and the previous time step (old) values of all other dependent variables.
The time step size is computed, followed by the transport of heat and
transport of solutes. The new temperature and density fields are deter-
mined from the equation-of-state using the new pressure and energy
content fields. Finally, the fracture width field is updated (a function of

precipitation and dissolution) from Eqn. A9, followed by porosity and
permeability updates. The iterative process is repeated at each time
step. Iterations are continued until T and P fields on successive itera-
tions vary by less than a prescribed tolerance, typically on the order of
10�7, providing a very good mass and energy balance.
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